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ABSTRACT
In vapor compression cycles of air conditioning and refrigeration systems, a small amount of the compressor
lubricating oil is carried with the refrigerant and it circulates to the system components. In heat exchangers, oil is a
contaminant and it tends to decrease the heat transfer rate and to increase the pressure losses. Nanolubricants, that is,
nanoparticles dispersed in the non-volatile component of a refrigerant and oil mixture, have the potential to augment
the efficiency of heat exchangers in a cost-neutral manner for both new and retrofitting applications. This paper
documents the effects of the nanoparticles thermal conductivity and aspect ratio on the two-phase flow heat transfer
coefficient and pressure drop of nanolubricants by experimentally studying two types of nanolubricants. The first type
used spherical Alumina (γ-Al2O3) nanoparticles with 40 nm nominal particles diameter. The second type used ZnO
nanoparticles with 20 to 40 nm nominal particles diameter and with an elongated hexagonal wurtzite shape. The
experimental results indicated that the thermal conductivity of the nanolubricants increased linearly with the added
amount of nanoparticles in POE oil, and γ-Al2O3 and ZnO based nanolubricants had similar thermal conductivity if
the nanoparticle concentration was 10 wt. % and 20 wt. %. However, even when diluted in the liquid phase of the
refrigerant R410A and POE oil mixture, these two types of nanoparticles provided heat transfer performance that were
measurably different from each other during two phase flow boiling inside an horizontal 9.5 mm micro-fin evaporator
tube. Depending on the mass flux, oil concentration, and heat flux, nanolubricants provided either an enhancement or
a degradation of the heat transfer coefficient. These results supported the hypothesis that thermal conductivity of the
nanolubricants was not the main property responsible for the heat transfer coefficient intensification during flow
boiling. The experimental results also suggested that the magnitude of the enhancements of the two phase flow boiling
heat transfer coefficient due to the nanoparticles dispersed in the POE oil were depended on the mass flux and shear
rates within the liquid phase of the mixture. Interesting, even when high heat transfer coefficients were observed for
the nanolubricants, the effect of the nanoparticles on the two phase flow pressure drop of the mixture was negligible.

1. INTRODUCTION
Use of micro-fin based evaporator tubes with nanolubricants have the potential to be a cost-effective technology for
reducing the energy consumption of rooftop units used in medium size commercial buildings, of air conditioners used
in residential homes, and of refrigeration systems. The evaporation of refrigerants inside horizontal micro-fin tubes
have received large attention in the literature because micro-fin tubes provided enhancements of the heat transfer
coefficient (Ono et al., 2010; Thome, 2004) in comparison to smooth tubes of similar diameter. One group of
researchers also showed that nanolubricants in evaporator tubes provided additional enhancements in heat transfer
with no (or very small) penalization on the pressure drop (Bartelt et al., 2008). However, the study of nanolubricants
is still in its infancy and the proposed mechanisms of enhancements were postulated to be due to the augmented
thermal conductivity of the nanofluid, and due to lifting, tumbling, and spinning of the nanoparticles that induce nanoconvection and eddies. To date, there does not appear to be clear evidences of the latter effects. This work aims to
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provide new experimental data that challenge the hypothesis that thermal conductivity of the nanolubricants is the
main property responsible for the heat transfer coefficient intensification during two phase flow boiling of refrigerant
R410A and POE mixture.

2. LITERATURE SUMMARY
Numerous studies of heat transfer enhancements of micro-fin based tube evaporators exist in the literature and a
comprehensive literature review on this topic is beyond the scope of the present paper. However, in the present work,
since the nanoparticles were observed to alter the enhancements coming from the internal micro-fins, also referred
throughout this paper as to micro-grooves, a brief summary on the effect of the micro-grooves on the enhancement
and suppression of the flow boiling heat transfer coefficient is helpful in order to explain the trends of the experimental
data given in the next sections. First, the convective flow boiling generally increases because the helical fins convert
stratified-wavy flows to the annular flows; thus increasing the wetted tube perimeter and the local turbulence. Second,
the nucleate boiling increases due to augmented surface area (Ono et al., 2010). Some enhancements were also credited
to the Gregorig effect, which drawn the liquid film from the micro-groove tip towards the root of the groove, thus
reducing the evaporating liquid film thickness (Hu et al., 2008a; Kakaç, 1999). When refrigerant vapor quality
increases, a dry out condition typically occurs at the interphase between the wall surface of the micro-grooves and the
fluid. This phenomenon creates a barrier for nucleate boiling and decreases the heat transfer coefficient (Schael &
Kind, 2005). In some cases, the suppression of nucleate boiling occurred even at low vapor qualities if the heat flux
increased above critical thresholds. A suppression of nucleate boiling was also observed at high mass fluxes of about
500 kg/m2-s for micro-fin based tubes when CO2 was used because the local convective flow in between two helical
fins hindered the bubbles formation. Such effect was not observed in smooth tubes (Schael & Kind, 2005).
When considering nanolubricants, the nanoparticles concentration is an important parameter for achieving heat
transfer enhancements (Kedzierski, 2009b). In pool boiling experiments an enhancement in the net heat transfer rate
was marked if the heat flux decreased, and small nanoparticle size and large nanoparticle volume concentration
enhanced the heat transfer rate. In a follow up study (Kedzierski, 2009b) with 4% volume concentration of CuO
nanoparticles dispersed in Polyolester (POE) oil at 0.5% oil mass fraction (
), R134a pool boiling critical heat
flux augmented from 50% up to 275%. Lowering the concentration of CuO nanoparticles to 1% by volume yielded to
heat flux enhancements of about 19%. With refrigerant R134a and POE oil mixture, Al2O3 nanoparticles at 0.5% mass
concentration in the POE oil showed critical heat flux enhancements of about 400% in pool boiling (Kedzierski,
2009a).
The addition of nanoparticles during pool boiling and flow boiling of refrigerant and lubricant mixtures increased the
thermal conductivity of the oil, and this was often postulated to be a main reason responsible for the heat transfer
coefficient enhancement. For forced convective boiling, the thermal conductivity effect was reported to account for
only 20 percent of the total heat transfer coefficient enhancement and the formation of secondary nucleation sites and
of particles mixing were highlighted to be additional contributing factors (Baqeri et al., 2014). Hu et al. (Hu et al.,
2008a) observed that the presence of oil alone augmented the two phase flow boiling heat transfer coefficient in microfin tubes at low refrigerant qualities, while lubricant penalized the heat transfer coefficient at high qualities. Bartelt et
al. (Bartelt et al., 2008) reported that high CuO nanoparticles concentration by mass (corresponding to 4% by volume)
in 1%
of POE oil increased the flow boiling heat transfer coefficient of R134a and POE mixture by as much as
82% and the nanoparticles did not have significant effect on the two phase pressure drop. This intriguing result, which
was also verified in the present work for the case of refrigerant R410A and POE oil mixture, was not completely
explained in Bartelt et al. study and more testing with other refrigerants, geometries, and flow conditions are required
before generalizing their findings. The two-phase frictional pressure drop of refrigerant and oil mixtures increased
with mass flux and
in micro-fin evaporator tubes (Hu et al., 2008b) while in smooth tubes Mahbubul et al.
(2013) observed that augmentations in pressure drops were higher when the mass fluxes were low.

3. EXPERIMENTAL FACILITY
The experimental test facility of the present work is shown in Figure 1(a) and details of this facility are reported in
authors’ previous work (Smith & Cremaschi, 2014). The test apparatus was upgraded in the present work in order to
introduce and to mix well the lubricant with the refrigerant in two phase flow. Any potential oil or liquid refrigerant
and oil mixture traps in the refrigerant pump-boiler type loop of Figure 1(a) were eliminated. Several purging ports
and shut off valves (not shown in Figure 1(a)) were also installed before and after the components of the refrigerant
loop in order to properly clean the test apparatus and remove lubricant and nanolubricant residuals at the end of an
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experiment. The main test section of the apparatus is shown in Figure 1(b), and it was similar to the one developed by
(Sawant et al., 2007). The test section consisted of two concentrically installed tubes of 1.83 meter of length.
Refrigerant flowed in the inner tube, which had micro-fins on its inner wall (see Figure 1(c)) while water circulated
with very high velocity and in counter-flow configuration in the annulus formed between the outer wall of the
refrigerant tube and the inner wall of the exterior jacket tube. Both these two walls surfaces were smooth and made of
copper. Baffles were installed in the annulus region to promote water mixing and assist with the uniformity of the
temperature and velocity around the refrigerant tube. The outer diameter of the annulus was 28.6 mm (see Figure
1(c)). The refrigerant tube outer diameter was 9.53 mm, its wall thickness was 0.3 mm, and its internal grooves height
was 0.2 mm, with 60 grooves fabricated at an helical angle of 18°. The cross sectional area of the refrigerant tube was
60.8 mm2, as also reported in (Choi et al., 2001/5) and the heat transfer surface area was estimated to 107,040 mm2.
Six T-type thermocouples were evenly spaced and directly soldered on the refrigerant tube exterior wall in a spiral
arrangement along the axial length of the tube, as shown in Figure 1(c). The water jacket copper tube had three gasket
sealed flanges that housed the thermocouple wires. The high velocity water in the annulus region promoted uniform
temperature of the exterior wall of the refrigerant tube and its average temperature, Ts,o, was used in the data reduction
for the heat transfer coefficient. A thermal amplification technique was used in the present work to control the heat
flux in the test section. Pressure taps were installed at the inlet and at the outlet of the test section. The absolute
pressure was measured at the outlet of the test section and three differential pressure transducers, which had different
ranges of application, were used to measure the pressure drop across the test section.
The refrigerant mass charged in the pump-boiler loop of Figure 1(a) was measured and the masses of POE oil and
nanolubricants were determined in order to achieve specific oil mass fractions (
s) during the experiments. The
oil (or the nanolubricants) were intentionally metered in the refrigerant two phase flow with very slow rates and in an
incremental fashion. For example, in the present test setup liquid refrigerant took less than 3 minutes to complete one
entire cycle of the pump-boiler loop shown in Figure 1(a). The flow rates of oil during charging processes were less
than 0.3 g/s and the period for charging the required amount of lubricant (or of nanolubricants) was about 10 min for
of 1% and 30 min for
of 3%. These long lubricant charging periods were required to guarantee that the oil
(or that the nanolubricants) were well mixed with the refrigerant flow and that the oil concentration was as uniform
as possible in the refrigerant circulating in the refrigerant and pump boiler loop of the test apparatus.

Figure 1: (a) Schematic of the test apparatus, (b) zoom out of the test section with illustration of the thermal
amplification technique, and (c) details of the test section geometry and location of the surface thermocouples.
Two phase flow boiling heat transfer coefficient and pressure drop were measured for refrigerant R410A and
nanolubricant mixtures at saturation temperature of 3.5±0.9°C,
ranging from 0 to 3%, mass flux ranging from
180 to 425 kg/m2-s, and heat flux of 12 and 15 kW/m2. Two nanolubricants were tested at nanoparticles concentration
that varied from 2 to 20 wt. %. The error analysis and uncertainty propagation outlined by Taylor (1996) was used for
calculating the theoretical experimental uncertainties, which are summarized in Table 1. Table 2 shows the test
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conditions and several tests were repeated multiple times during the experimental campaign to assess the variability
and repeatability of the experimental data due to human error, charging procedures, and cleaning and purging of
residual lubricant and nanolubricants inside the test apparatus at the end of a series of tests.
Table 1: Experimental uncertainties and repeatability
Variables

Units

Accuracy /
Uncertainty

Deviation During Repeated Tests

(°C)
(kPa)
(kg/m2-s)
(kW/m2)
(-)
(kPa)
(W/m-K)

± 0.1°C
± 1.0 kPa
± 0.1%
± 0.53%
± 1.8%
± 0.07 kPa
± 2%

(within accuracy)
(within accuracy)
(within accuracy)
(within accuracy)
(within accuracy)
± 1 kPa ( =0.3), ± 2 kPa ( =0.8)
(within accuracy)

(°C)
(kW/m2-K)
(%)
(%)

± 0.2°C
± 10.7%
± 14.5%
± 1.0%

±0.13 kW/m2-K (0.3< <0.6), ±0.5 kW/m2-K ( =0.8)
± 5% (0.3< <0.6), ± 18% ( =0.8)
± 9.5% ( =3), ± 16% ( =0.8)

Measured Variables

,
Derived Variables

Table 2: Test conditions for the two phase flow boiling experiments with refrigerant and oil mixture saturation
temperature,
ranging from 3.5±0.9°C
(wt. %)]#

Lubricant [
POE

Heat flux (kW/m2)*
12, 15
12
15

γ-Al2O3 [2 wt. %, 10 wt. %] in POE
γ-Al2O3 [20 wt. %] in POE
ZnO [20 wt. %] in POE

12
12
15
12
15

(%)+
0.5, 1, 3
3
3
0.5, 1, 3
1, 3
1, 3
3
1, 3
1, 3
0.5, 1, 3

Mass flux (kg/m2-s)$$
183, 255, 350, 425
255, 350
255
350
350
183, 255, 425
350
350
183, 255, 350, 425
350

* Heat flux: 12±0.2 kW/m2, 15±0.3 kW/m2; $$ Mass flux: 183±4 kg/m2-s, 255±8 kg/m2-s, 350±8 kg/m2-s, 425±9 kg/m2-s;
+
is defined as ! " ⁄# " + " %'; # ) * * is defined as ! + ⁄# + +
%'

4. EXPERIMENTAL METHODOLOGY
The experimental methodology to control the heat flux, , estimate the inner micro-fin surface temperature, , , and
refrigerant mixture quality, , was described in authors’ previous work (Smith & Cremaschi, 2014). The heat transfer
coefficient, , heat transfer factor,
, and pressure drop factor,
, were calculated according to equations (1),
(2), and (3). The refrigerant reference temperature,
, in equation (1) was calculated according to equation (4),
which was proposed by (Sawant et al., 2007). The refrigerant reference temperature was close to the saturation
temperature of R410A for the measured absolute pressure. The constants ,- and ,. and the polynomials / and 0,
accounted for deviations of the refrigerant R410A composition used in the present work from the standard blend
properties due to (i) the presence of stray impurities as result manufacturing processes, and (ii) the presence of oil in
the liquid refrigerant. Here, 1 and ∆ 1 are the representative baseline heat transfer coefficient and pressure drop for
the oil free case. For each test with refrigerant R410A and POE oil (or with R410A and nanolubricant), the measured
α and ∆p were compared with the corresponding 1 and ∆ 1 at the same mass flux, heat flux, and quality. The
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and
were then calculated and they represented figure of merits that isolated and quantified the effects on the heat
transfer coefficient and on the pressure drop due to the presence of POE oil or of nanolubricant in the refrigerant flow.
3 ⁄#

,

4

3 5( 4

% (kW/m2-K)
1 6⁄ 1 7

8 100 (%)

3 5(∆ 4 ∆ 1 6⁄∆ 1 7 8 100 (%)
,.
@, A B
K6
Where, / 3 /C + 182.5(H6 4 724.2(H + 3868(HN 6 4 5268.9(HP 6
0 3 0C 4 0.722(H6 + 2.391(HK 6 4 13.779(HN 6 + 17.066(HP 6
(;6 3 /⁄<=>#

%40+?

(1)
(2)
(3)
(4)

5. EXPERIMENTAL RESULTS AND DISCUSSION
Figure 2(a) shows the thermal conductivity of the POE and nanolubricant samples used in the present work while in
quiescence conditions inside small plastic beakers. The thermal conductivity was measured for a fluid temperature
ranging from 1 to 12°C and by using a thermal conductivity sensor described in authors’ previous work (Cremaschi
et al., 2014). The measurements indicated that the thermal conductivity of the nanolubricants increased proportionally
with the added amount of nanoparticles in POE oil, and γ-Al2O3 and ZnO based nanolubricants had similar thermal
conductivity if the nanoparticle concentration was 10 and 20%. Figure 2(b) shows the ratio of the thermal conductivity
of the various nanolubricants over the thermal conductivity of the POE oil at the fluid temperature of 4°C. If the
nanoparticles mass concentration increased to 20 wt. %, then the ZnO based nanolubricants had thermal conductivity
that was about 1.2 times higher than that of POE while γ- Al2O3 based nanolubricants had thermal conductivity that
was 1.17 times higher than POE. At 10 wt. % concentration, the thermal conductivity ratios were 1.10 and 1.07 for
ZnO and for γ-Al2O3 and ZnO based nanolubricants, respectively.

Figure 2: (a) Thermal conductivity of POE, and different concentrations of γ-Al2O3 and ZnO based nanolubricants,
and their (b) thermal conductivity ratio of the nanolubricants with respect to POE oil at 4°C.
Figure 2 shows that overall the γ-Al2O3 and ZnO nanoparticles had similar thermal conductivity when they were finely
dispersed in the POE oil. But the aspect ratio of these two types of nanoparticles was quite different. Alumina (γAl2O3) nanoparticles had 40 nm nominal particles diameter and they were spherical. ZnO nanoparticles had 20 to 40
nm nominal particles diameter and they had an elongated hexagonal wurtzite shape in which the zinc and oxide centers
were tetrahedral. From this point of view, these two nanolubricants were ideal candidates to investigate the question
of whether the thermal conductivity of the nanolubricants is the main property responsible for the heat transfer
coefficient intensification during two phase flow boiling of refrigerant R410A and nanolubricant mixture or not. As
discussed next, even when diluted in the liquid phase of the refrigerant R410A and POE oil mixture, these two types
of nanoparticles, which shared similar thermal conductivity in the wet state when measured in quiescence flow
conditions, provided heat transfer performance that were measurably different from each other and that also varied
with mass flux, oil concentration, and heat flux.
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Figure 3 shows the
s and
s of the refrigerant and POE mixture and of the refrigerant and nanolubricants
mixtures at refrigerant saturation temperature of 3.5±0.9°C. An enhancement of the two phase flow heat transfer
coefficient is represented by a positive sign of the
, in percentage, on the y-axis while negative percentages of the
s in Figure 3 mean degradations of the two phase flow boiling heat transfer coefficient of the mixtures with
respect to that of refrigerant R410A (i.e. R410A with no POE oil and no nanolubricants resulted in the zero horizontal
solid lines at
= 0% and
= 0% in Figure 3). The experimental uncertainty of the data are reported for few
but representative data points shown in Figure 3 and it should be noted that all data points in Figure 3 have similar
error bars due to experimental uncertainty and statistic repeatability confidence of the measurements. The flow boiling
in presence of 3%
of POE oil, see series A in Figure 3(a), showed up to +10% higher
compared to the tests
with R410A flow boing and no oil (i.e., 0%
). This intriguing finding was consistent with the observations by
(Bandarra Filho et al., 2009), in which oil promoted wetting and foaming and slightly increased the heat transfer
coefficient. Adding γ-Al2O3 nanoparticles at only 2 wt. % concentration in 1%
and 10%
of POE oil and
refrigerant mixture, see series B and D, caused a sudden decrease in
at lower refrigerant qualities. Recall in here
that Figure 2 indicated that POE and 2 wt. % γ-Al2O3 nanolubricant had very similar thermal conductivity, and thus
the degradation in
observed in Figure 3 when small percentage of γ-Al2O3 nanoparticles were added to the POE
oil must have been caused by some other phenomena rather than the variation of the liquid phase thermal conductivity.

Figure 3: (a)

and (b)
of various γ-Al2O3 concentration based nanolubricant in R410A
at =350 kg/m2-s and =12 kW/m2, at 1% and 3%
.

Series C and E, in Figure 3(a), are representative of 3%
and with γ-Al2O3 nanoparticles concentration of 2 wt.
% and 10 wt. %. The data indicated small variations of the heat transfer coefficient and within the uncertainty of the
test apparatus when compared to the data of heat transfer coefficient measured for POE of series A. Only when
charging nanoparticles with 20 wt. % concentration and with 3%
, a measurably increased heat transfer
coefficient was observed. This scenario is indicated by series F in Figure 3(a), and the associated
was about
+35% at low refrigerant thermodynamic qualities and +15% at high qualities.
It is observed in Figure 3(b), that the variation of the two phase flow boiling pressure drop in presence of oil and
nanolubricants was within the sensitivity of the test apparatus when considering the repeatability of the pressure drop
measurements. In other words, the error bars shown in Figure 3(b) are quite large because when the tests were repeated
several times, the refrigerant saturation pressure, mass flux, and heat flux had slightly minor perturbations from one
test to the other due to ambient temperature, building cooling water temperature, pump efficiencies, and exact amount
of refrigerant charged in the test set up. The internal surface conditions of the tube test sections might have also been
altered during the experimental campaign with respect to the surface conditions at the beginning of the campaign.
Finally cleaning and purging of the test section might have affected the internal surface conditions of the microgrooves. These hypotheses were confirmed by repeating the tests for refrigerant R410A after the POE and refrigerant
mixture tests, after the γ-Al2O3 nanolubricants and refrigerant mixture tests, and after the ZnO nanolubricants and
refrigerant mixtures tests and at other regular time intervals during the entire experimental campaign. The deviations
of the measured heat transfer coefficients and pressure drops during the R410A repeated tests yielded to the uncertainty
error bars indicated in Figure 3. While the perturbations did not affect the actual measured pressure drop, they yielded
to up to 16% uncertainty when calculating the relative variation of pressure drop with oil versus the pressure drop
without oil for similar quality. Only series D and E seems to be higher than all the other series but at the time of this
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writing authors speculated that those series were outliers and had high uncertainty associated on their
Q. This
aspect needs to be further clarified in future follow up research of the present work. On the other hand, even when
accounting for the deviation of the repeated tests, the error bars on the
s were small and effects of the POE oil
and of the nanolubricants on the
s were measurable in the experimental data of the present work. The
representative error bar in the data points in Figure 3(a) were smaller than the error bars for the
s shown in Figure
3(b). In simpler terms, by adding oil and nanolubricants to the refrigerant R410A during two phase flow boiling at
saturation temperature of 3.5±0.9°C, the effect on the heat transfer coefficient was more marked, (and more important
measurable!) than the effect on the two phase flow pressure drop, which was very small and not measurable with the
present test set up. This finding was in agreement with the observation reported in the literature that nanolubricants
enhanced heat transfer rate without compromising the two phase flow pressure drops (Bartelt et al., 2008).
The magnitude of the enhancements of the two phase flow boiling heat transfer coefficient and of the penalization of
the pressure drop due to the nanoparticles were depended on the heat flux and nanoparticles types. To support this
hypothesis, tests were conducted at high heat flux and for two type of nanoparticles, as shown in Figure 4. In general,
at mass flux of 350 kg/m2-s in Figure 4(a), ZnO based nanolubricants had lower
s than γ-Al2O3 based
nanolubricants. This was an unexpected result considering that ZnO based nanolubricants had higher thermal
conductivity in the wet state than γ-Al2O3 based nanolubricants. Remarkably, the series L at 0.5%
and with 20
wt. % concentration of ZnO nanoparticles showed significantly lower
and significantly higher
. And ZnO
based nanolubricants had higher
Q than those of γ-Al2O3 based nanolubricants, as indicated in Figure 4(b).
An interesting behavior was observed. Comparison between series I in Figure 4(a) and series A in Figure 3(a), both at
3%
and mass flux of 350 kg/m2-s, suggested that POE oil at high heat flux of 15 kW/m2 performed better than
POE oil at heat flux of 12 kW/m2. However, γ-Al2O3 based nanolubricants at 3%
did not follow the same trend.

Figure 4: (a)
and (b)
of POE, 20 wt. % γ-Al2O3 and 20 wt. % ZnO based nanolubricant
in R410A at =350 kg/m2-s and =15 kW/m2, at 0.5%, 1%, and 3%
.
To further verify the hypothesis that the magnitude of the enhancements of the two phase flow boiling heat transfer
coefficient and of the penalization of the pressure drop due to the nanoparticles were depended on the mass flux and
shear rates within the liquid phase of the mixture, additional tests were intentionally conducted at very low and very
high mass fluxes with respect to design operating mass fluxes for the evaporator tube used in the present work. Figure
5 and Figure 6 provide the experimental results of
and
(on the y-axis) versus mass flux on the x-axis and
for low, medium, and high refrigerant thermodynamic quality. The data in these figures were taken from series of flow
boiling tests with quality ranging from 0.3 to 0.8 and only 3 representative qualities are shown in Figure 5 and Figure
6 for clarity. The γ-Al2O3 based nanolubricant at 1%
, that is, series R in Figure 5(a), had a gradual decrease
from 0%
at 183 kg/m2-s to -20%
at 350 kg/m2-s, after which it increased back to +10%
at high mass
flux of 425 kg/m2-s. This trend was fairly consistent for low, medium, and high quality, as shown by the red triangle
data points in Figure 5(a). The γ-Al2O3 nanolubricant at 3%
and 20% particle concentration, which is indicated
by the red triangle data points and legend W in Figure 6(a), had similar trend only at high quality, that is a decrease
of
, followed by a local minimum, and then followed by an increase of the
if the mass flux varied from 183
kg/m2-s to 425 kg/m2-s. At low and medium qualities the
s were always positive and scattering of the data was
observed, which suggested that the
was fairly independent on the mass flux.
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Figure 5: (a)
and (b)
in R410A at mass flux,

of POE, 20 wt. % γ-Al2O3, and 20 wt. % ZnO based nanolubricants
, of 183, 255, 350, 425 kg/m2-s, =12 and 15 kW/m2, and 1%
.

Figure 6: (a)
and (b)
in R410A at mass flux,

of POE, 20 wt. % γ-Al2O3, and 20 wt. % ZnO based nanolubricants
, of 183, 255, 350, 425 kg/m2-s, =12 and 15 kW/m2, and 3%
.

ZnO based nanolubricant, at 1%
, series S in Figure 5(a) for low, medium, and high quality, had
of -25%
at 183 kg/m2-s and 255 kg/m2-s mass fluxes. At 350 kg/m2-s the
sudden dropped to -40%, after which it came
back to -15% for 425 kg/m2-s. The sudden drop of
at 350 kg/m2-s was accompanied by sudden rise in
to
+30%, as seen in series S in Figure 5(b). At the time of this writing, authors speculated that the ZnO nanoparticles,
which had an elongated shape, might have become misaligned with respect to the flow direction and/or might have
formed large clusters for this particular mass flux condition. In both cases, the ZnO nanoparticles created a resistance
to the fluid flow and a barrier to the heat transfer process within the liquid phase of the mixture. Further investigation
and additional measurements are required to support and confirm this explanation.
At 3%
the γ-Al2O3 based nanolubricant had similar
Q as those of POE for all mass fluxes, as shown in series
V, Y and W,Z in Figure 6(b). If the spherical shaped γ-Al2O3 nanoparticles generated any additional shear stresses

16th International Refrigeration and Air Conditioning Conference at Purdue, July 11-14, 2016

2098, Page 9
within the liquid phase of the refrigerant and lubricant mixture, the macroscopic scale effect was still not detectable
by the test apparatus of the present work. On the contrary, ZnO nanolubricant
increased if the quality increased,
see series X, and significantly higher
Q were measured at high quality of 0.78 with respect to POE. This result
might be due to ZnO particles collision, misalignment, and clustering within the liquid phase, which increased the
shear stress within the liquid phase and resulted in higher pressure losses in the tube as a macroscopic level effect.

6. CONCLUSIONS
This paper experimentally investigated the effects of nanoparticles concentration and nanoparticles shape on the
refrigerant R410A and POE mixture two phase flow boiling heat transfer coefficient and pressure drop. Two types of
nanoparticles were selected and they shared similar thermal conductivity but had quite different aspect ratio. By adding
POE based nanolubricants to refrigerant R410A during two phase flow boiling at saturation temperature of 3.5±0.9°C,
the effects on the heat transfer coefficient for an horizontal 9.5mm micro-fin tube were marked, and more important
measurable, with respect to the effects on the two phase flow pressure drop.
Alumina, γ-Al2O3, based nanolubricants provided an enhancement of the heat transfer coefficients with no or very
small penalization of the two phase flow pressure drop. When charging nanoparticles in the POE oil at 20 wt. % mass
concentration and with oil concentration of 3% in the two phase flow, the heat transfer coefficient increased by 15%
and up to 40%. This result suggested that the spherical shaped γ-Al2O3 nanoparticles created a preferential path for
heat transfer exchange across the liquid phase of the mixture but did not add any additional resistant to the flow of
refrigerant and lubricant mixture inside the micro-fin tube. Zinc oxide, ZnO, based nanolubricants, which had higher
thermal conductivity in quiescence wet state conditions than γ-Al2O3, based nanolubricants, resulted in a significant
degradation of the flow boiling heat transfer coefficient. Thus it was concluded that the thermal conductivity of the
nanolubricants alone, when measured in quiescence flow conditions, was not the main property responsible for the
heat transfer coefficient intensification during two phase flow boiling of refrigerant R410A and nanolubricants
mixtures. In addition, ZnO based nanolubricants had significantly higher pressure drop when compared to POE oil
and to γ-Al2O3 based nanolubricants. Possible reasons might be due to particles collision, misalignment, and clustering
from the elongated shape ZnO nanoparticles under the specific flow conditions of the present work.

NOMENCLATURE
R,

"
)
) *

*

H
0
>S
CT=
U
VWX
Q,i
Q, C

heat transfer coefficient
heat transfer factor
thermal conductivity
Mass
mass flow rate
mass flux
nanoparticle type
mass, or weight, concentration
oil mass fraction
pressure,
pressure drop factor
test section pressure drop
heat flux
temperature
thermodynamic refrigerant quality
local oil mass fraction
Subscripts
Baseline
Nanoparticle
oil, lubricant
polyolester oil
Refrigerant
micro-fin tube inner surface
micro-fin tube outer surface

(kW/m2-K)
(%)
(W/m-K)
(kg)
(kg/s)
(kg/m2-s)
(wt. %)
(%)
(kPa)
(%)
(kPa)
(kW/m2)
(°C)
(-)
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